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Animal experiments reveal that VIDD occurs in response to increased production of reactive oxygen species (ROS) in diaphragm fibers; this MV-induced surge in diaphragmatic ROS production is a required upstream signal to activate muscle proteases and increase proteolysis (1, 17, 27, 37, 46, 48) . Although MV-induced ROS production can occur at several locations within diaphragm fibers, evidence indicates that both NADPH oxidase and mitochondria are sites of ROS production in the diaphragm during prolonged MV (15, 18, 23) .
While it is established that increased ROS production plays a required role in the development of VIDD, the mechanism(s) responsible for MV-induced increases in diaphragmatic ROS production remain unknown. A potential cause of the MVinduced increase in diaphragmatic ROS production is elevated plasma levels of angiotensin II (ANG II). ANG II is a peptide hormone involved in the renin-angiotensin system that facilitates the regulation of blood pressure and fluid balance. Moreover, increased circulating ANG II can promote cellular ROS production by binding to ANG II type 1 (AT 1 ) receptors with the resultant activation of NADPH oxidase and associated increase in ROS production leading to oxidative stress (36, 49) . Evidence also indicates that ANG II-mediated activation of NADPH oxidase promotes increased mitochondrial ROS production via a cross talk mechanism (8) . Importantly, infusion of ANG II in rodents results in higher ROS production in limb skeletal muscles along with increased protease activation and muscle fiber atrophy (4, 5, 7, 36) . In this regard, our preliminary experiments confirm that prolonged MV results in increased plasma ANG II levels in rats (unpublished). Nonetheless, it is unknown if this MV-induced increase in plasma ANG II levels plays a required role in the development of diaphragmatic oxidative stress and VIDD. Therefore, with the use of an animal model of MV, these experiments tested the hypothesis that increases in circulating ANG II are responsible for MVinduced increases in diaphragmatic oxidative stress and the subsequent development of VIDD. Cause and effect was determined using two independent pharmacological approaches with different actions on ANG II signaling. In one experiment, MV-induced increases in circulating ANG II were prevented by administration of an angiotensin-converting enzyme (ACE) inhibitor (enalapril). In the second experiment, ANG II signaling was blocked by treatment of animals with an AT 1 receptor antagonist (losartan).
METHODS

Experimental Animals
These experiments used adult female (4-6 mo old) Sprague-Dawley rats as the experimental model. The rat was chosen as the experimental model due to the similarities between the rat and human diaphragm in both anatomical and physiological parameters. We arbitrarily elected to use female animals in these experiments because VIDD develops rapidly in both male and female rats (38) . Animals were maintained on a 12:12-h light-dark cycle and provided food and water ad libitum throughout the experimental period. All animals were housed at the University of Florida Animal Care Services Center, and the Animal Care and Use Committee of the University of Florida approved these experiments.
Experimental Design
To test the hypothesis that prevention of MV-induced increases in circulating ANG II or blocking the AT 1 receptor will diminish MV-induced increases in mitochondrial ROS emission in the diaphragm and prevent VIDD, rats were randomly assigned to one of six experimental groups (n ϭ 10/group): 1) 12 h spontaneous breathing (SB), animals injected with saline; 2) 12 h SB, animals treated with ACE inhibitor (enalapril); 3) 12 h SB, animals treated with AT 1 receptor antagonist (losartan); 4) 12 h of MV, animals injected with saline; 5) 12 h of MV, animals treated with ACE inhibitor (enalapril); and 6) 12 h of MV, animals treated with AT 1 receptor antagonist (losartan).
Experimental Protocol: Mechanical Ventilation and SB
Animals in the SB and MV groups were acutely anesthetized with pentobarbital sodium (60 mg/kg ip). After a surgical plane of anesthesia was reached, the animals were tracheostomized using aseptic techniques. An arterial catheter was placed in the carotid artery for monitoring of blood pressure and withdrawal of blood samples for measurement of blood gases and pH. Furthermore, a venous catheter with a "y" connector was placed in the jugular vein for the both continuous infusion of anesthesia and saline. Note that to maintain relatively constant arterial blood pressure in animals anesthetized at a surgical plane of anesthesia requires infusion of small amounts of saline during the 12-h experimental period. Animals in the MV group and SB group (without drugs) received ϳ1.2-1.6 ml/h saline, whereas the MV animals treated with losartan and enalapril required higher rates of saline infusion (i.e., 2.2-2.5 ml/h) to maintain blood pressure during the experimental period.
The SB animals were allowed to spontaneously breath for 12 h while the MV animals were mechanically ventilated using a fullsupport MV mode and a positive pressure-driven ventilator (Siemens) for 12 h (see online supplement for details) (2, 53). The 12-h duration of MV was selected because this duration is associated with diaphragmatic contractile dysfunction, myofiber atrophy, increased rates of proteolysis, and oxidative stress (28) .
Drug Administration
Animals treated with the AT 1 receptor antagonist losartan received an intraperitoneal priming dose (30 mg/kg) followed by intravenous infusion (100 ug/kg/min, infusion rate 0.30 ml/h) during the 12-h experimental period in both the mechanically ventilated and the SB animals. Animals treated with the ACE inhibitor enalapril received an intraperitoneal priming injection (40 mg/kg) followed by an intravenous infusion (100 ug/kg/min, infusion rate 0.30 ml/h) during the 12-h experimental period.
Biochemical Measurements
Plasma levels of ANG II, IL-6, and corticosterone. To measure the plasma levels of ANG II, interleukin-6 (IL-6), and corticosterone during the experiment, blood samples were collected at several time points: 1) at the start of SB/MV, 2) 6 h after initiating SB/MV, 3) 9 h after initiating SB/MV, and 4) 12 h after initiating SB/MV. At each blood draw, ϳ600 microliters of blood were collected via a venous catheter, and blood samples were then centrifuged at 5,000 revolutions/min for 10 min at 4°C. The resulting plasma was stored at Ϫ80°C until analysis. The plasma levels of ANG II were determined via ELISA (ANG II; Phoenix Pharmaceuticals, Belmont, CA) using the manufacturer's instructions. Also, plasma levels of IL-6 were determined via ELISA (RAB0312; Sigma Aldrich, St. Louis, MO) using the manufacturer's instructions. Similarly, plasma levels of corticosterone were determined via ELISA (K014; Arbor Assays, Ann Arbor, MI) using the manufacturer's instructions.
Determination of relative abundance of diaphragmatic proteins. The relative abundance of selected proteins was determined in diaphragm muscle samples via Western blot analysis (see online supplement for methodological details). The proteins of interest included biomarkers of proteolysis, antioxidant enzymes, and oxidative stress. The specific antibodies used to detect diaphragm proteins included: atrogin 1 (AP2041; ECM Bioscience, Versailles, KY); calpain 1 (2556; Cell Signaling, Danvers, MA); superoxide dismutase 1 (SOD1) (11407; Santa Cruz, Santa Cruz, CA); superoxide dismutase 2 (SOD2) (30080; Santa Cruz); glutathione peroxidase 1 (GPX1) (22604; Santa Cruz); and 4-hydroxynonenal (4-HNE) (ab46545; Abcam, Cambridge, MA). The protein abundance of each protein was normalized to ␣-tubulin (12G10; Developmental Studies Hybridoma Bank, Iowa City, IA), which served as a loading control (23) .
Histological Analysis of Diaphragm Myofiber Cross-Sectional Area and Identification of AT 1 Receptors in Diaphragm Muscle
Sections from frozen diaphragm muscle samples were transversely sectioned (10 m thick) using a cryotome (Shandon, Pittsburgh, PA) and stained for dystropin, myosin heavy chain (MHC) I, and MHC type IIa proteins to determine diaphragm fiber cross-sectional area analysis (CSA) as descried previously. CSA was determined using computerized image analysis (Scion software NIH) (17) .
Immunohistochemistry was used to visualize the presence of AT 1 receptors in diaphragm muscle samples. Briefly, frozen diaphragm samples were cut into 5-m-thick transverse sections and independently stained for AT 1 receptors (Anti-AT1 ATTO 550; Alomone Labs, Jerusalem, Israel). Furthermore, frozen samples of the carotid artery were cut into 5-m-thick sections and independently stained for AT 1 receptors as a positive control for the presence of AT1 receptors. The presence of AT1 receptors in the diaphragm was then visualized using fluorescence microscopy.
Measurement of diaphragmatic contractile function. To assess diaphragm contractile function, a costal diaphragm muscle strip (ϳ3 mm wide), including the tendinous attachments at the central tendon and rib cage, was suspended vertically between two lightweight Plexiglas clamps with one end connected to an isometric force transducer within a jacketed tissue bath containing 25°C KrebsHensleit solution equilibrated with 95% O 2-5% CO2 gas. Muscle performance was measured as previously described (26) (see online supplement for details). To control for differences in muscle strip size, force production was normalized to physiological CSA, and specific force production was compared between the experimental groups.
Assessment of losartan as an antioxidant scavenger. To determine if losartan or enalapril has the capacity to act directly as an antioxidant scavenger we used the Trolox equivalent antioxidant capacity assay to measure the antioxidant capacity of losartan and enalapril (in vitro) compared with the standard, Trolox (30) (see online supplement for details). Plasma concentrations of the drugs were estimated using pharmacological kinetic computations (41) .
Mitochondrial respiration in permeabilized diaphragm fibers. Mitochondrial respiration was measured polargraphically in a respiration chamber (Hansatech Instruments) maintained at 37°C. The respiratory control ratio (RCR) was calculated by dividing oxygen consumption during state 3 respiration by the oxygen consumption during state 4 respiration (see online supplement for details).
Statistical Analysis
Comparisons between groups were made by a one-way ANOVA, and when appropriate a Tukey Honest Significant Difference test was performed post hoc. Significance was established at P Ͻ 0.05. Values are expressed as means Ϯ SE.
RESULTS
Treatment with Losartan or Enalapril Does Not Alter Diaphragm Structure or Function in SB Animals
To determine if losartan or enalapril influenced diaphragmatic physiology and biochemistry independent of prolonged MV, we measured diaphragm fiber CSA, contractile function, and mitochondrial respiration in the diaphragm of SB animals following 12 h of treatment with losartan or enalapril. Our results reveal that, compared with SB animals without drug treatment, independent treatment with either losartan or enalapril had limited influence on: 1) diaphragm fiber CSA; 2) diaphragm contractile properties; or 3) mitochondrial coupling (i.e., mitochondrial respiratory ratio) (Supplemental Figs. 1-3) . Furthermore, treatment with these drugs did not alter plasma ANG II levels in SB animals (data not shown). Therefore, all dependent measures in this study were compared with SB animals without drug treatment only.
Systemic response to MV. Because body weight is significantly correlated with diaphragm muscle fiber CSA, our experiments were designed to assure that no differences existed in animal body weights between the experimental groups (Table 1) . Furthermore, because the maintenance of blood gas homeostasis is important during experiments involving prolonged MV, animals in the three MV groups were carefully monitored during these experiments to prevent disparities in heart rates, Pa O 2 , Pa CO 2 , and arterial pH (Table 1) . Not surprisingly, systolic blood pressure during MV was significantly lower in both the losartan-and enalapril-treated animals compared with animals without drug treatment (Table 1) . Importantly, at the completion of 12 h of MV, no visual abnormalities of the lungs or peritoneal cavity were noted, and no evidence of infection existed. These observations indicate that our aseptic surgical technique was successful and that prolonged MV did not result in major lung injury.
Plasma ANG II Levels Increase during Prolonged MV
Plasma levels of ANG II significantly increased within the first 3 h of MV and continued to rise during the 12 h of MV (data not shown). Indeed, compared with SB controls, prolonged MV significantly increased plasma ANG II levels, and administration of enalapril prevented this rise (Fig. 1) . Although the MV-induced rise in circulating ANG II levels was lower in the losartan-treated animals, plasma ANG II levels remained significantly increased during 12 h of MV in animals treated with losartan compared with SB controls (Fig. 1 and Table 2 ). The explanation for the lower levels of circulating ANG II in the losartan group compared with MV animals (without drug treatment) is unclear but could be due to the higher levels of saline infusion that were required to maintain arterial blood in the losartan-treated animals.
Also, note that small increases in plasma levels of ANG II occurred in the SB animals over the 12-h experimental period. This limited increase in plasma ANG II was likely due to the decreased arterial blood pressure that occurs in animals anesthetized to a surgical plane of anesthesia with pentobarbital sodium.
Plasma Levels of Glucocorticoids and IL-6 Are Not Increased during Prolonged MV
ANG II receptors (AT 1 and AT 2 class receptors) mediate the majority of ANG II effects in vitro and in vivo (40) . However, debate exists as to whether the ANG II-induced atrophy in skeletal muscle is due to the direct effects of ANG II on the muscle fiber or due to a systemic effect of ANG II that results Values are means Ϯ SE at the completion of the experiment. Body weight, heart rate (HR), arterial partial pressure of oxygen (PaO2) and carbon dioxide (PaCO2), arterial pH, and systolic blood pressure (SBP) were measured at 3-h time intervals during both spontaneous breathing (SB) and mechanical ventilation (MV). SBL, spontaneous breathing treated with losartan; SBE, spontaneous breathing treated with enalapril; MVL, mechanical ventilation treated with losartan; MVE, mechanical ventilation treated with enalapril. *Significantly different from SB and MV (P Ͻ 0.05). in muscle atrophy (42) . Indeed, infusion of ANG II results in increased plasma levels of both IL-6 and glucocorticoids, and high circulating levels of both IL-6 and glucocorticoids can promote muscle atrophy (10, 13, 42, 43) . Therefore, we measured the plasma levels of both IL-6 and glucocorticoids in animals from all experimental groups. Our results revealed that, compared with SB animals, plasma levels of IL-6 were not elevated in any of the MV groups following 6 or 9 h of prolonged MV (Fig. 2) . Similarly, plasma levels of corticosterone did not differ between SB animals and the three MV experimental groups following 12 h of MV (Fig. 3) . Together, these results demonstrate that prolonged MV does not increase plasma levels of IL-6 or corticosterone in the rat.
Immunohistochemistry Reveals Presence of AT 1 Receptors in Diaphragm Muscle
Because increased circulating levels of ANG II were not associated with increased plasma levels of IL-6 or corticosterone, we then determined whether AT 1 receptors are present in diaphragm muscle fibers. This is important because whether or not AT 1 receptors exist in limb skeletal muscles remains a topic of debate (42) , and, to our knowledge, the current experiments are the first to investigate the presence of AT 1 receptors in diaphragm skeletal muscle. Our histochemical results reveal the presence of AT 1 receptors in diaphragm muscle (Fig. 4A) . Note that the carotid artery was used as positive control for AT 1 receptors (Fig. 4B) .
Impact of Losartan and Enalapril on MV-Induced Diaphragmatic Oxidative Stress and Mitochondrial Function
We determined if increased plasma levels of ANG II are required for MV-induced increases in diaphragmatic oxidative stress. Cause and effect was determined by administering the ACE inhibitor enalapril to prevent the MV-induced increase in plasma ANG II levels, and, in another experiment, losartan was administered to block ANG II receptor activation. To establish if MV-induced increases in plasma ANG II levels are required for MV-induced oxidative damage, we measured 4-HNE-conjugated proteins in the diaphragm as a biomarker of lipid peroxidation and oxidative stress. As expected, prolonged MV resulted in a significant increase in the levels of 4-HNEconjugated proteins in the diaphragm of animals without drug treatment (Fig. 5) . However, treatment with the AT 1 receptor blocker losartan attenuated the MV-induced accumulation of 4-HNE-modified proteins in the diaphragm (Fig. 5) . Compared with SB animals, the mean diaphragmatic 4-HNE levels tended to increase in the MV animals treated with enalapril but did not reach significance.
It is established that prolonged MV results in increased mitochondrial ROS production in the diaphragm and mitochondrial dysfunction (15, 23) . The mitochondrial RCR is a biomarker of mitochondrial coupling, and decreases in RCR indicate impaired mitochondrial coupling. Our results reveal that 12 h of MV resulted in a significant reduction of the RCR in diaphragm mitochondria. Compared with animals exposed to MV without drug intervention, treatment of animals with losartan attenuated the MV-induced decrease in mitochondrial RCR (Fig. 6) . Treatment with enalapril provided partial protection against MV-induced decreases in mitochondrial coupling, since the RCR in diaphragmatic mitochondria from enalapril MV animals was significantly higher than the RCR in MV animals without drug treatment. Nonetheless, the RCR in mitochondria from enalapril-treated MV animals was significantly lower than SB controls.
Treatment with Enalapril or Losartan Does Not Influence Diaphragmatic Antioxidant Capacity
It is feasible that losartan protected against MV-induced oxidative stress in the diaphragm due to blockade of AT 1 receptor activation. Indeed, the prevention of MV-induced AT 1 Fig. 2 . Plasma interleukin-6 (IL-6) levels were measured at the completion of both 6 (A) and 9 (B) h of prolonged MV. Note that plasma IL-6 levels were not measured following 12 h of MV because of inadequate sample availability. Values are means Ϯ SE. Note that no significant group differences existed in plasma IL-6 levels at either time point. receptor activation in the diaphragm could avert the increase in both NADPH oxidase activity and mitochondrial ROS production. Nonetheless, the losartan-induced protection against MVinduced oxidative stress could be due to off-target effects such as losartan functioning as an antioxidant scavenger or losartan increasing the abundance of endogenous antioxidant enzymes in the diaphragm. Therefore, we determined whether losartan acts directly as a radical scavenger, and we also measured the protein abundance of key antioxidant enzymes in the diaphragm. A series of in vitro experiments confirmed that losartan does not directly act as a radical scavenger (Supplemental Fig. 4) . Our results also show that treatment with losartan does not significantly increase the relative protein abundance of SOD1, SOD2, or GPX1 in diaphragm muscle fibers (Supplemental Fig. 5) . Hence, losartan's protection against MV-induced oxidative stress in the diaphragm is not likely due to an off-target effect of losartan producing increased antioxidant protection in the muscle.
Losartan Protects against MV-Induced Diaphragmatic Contractile Dysfunction
We measured diaphragm contractile properties to determine the role that circulating ANG II and AT 1 receptor activation plays in MV-induced diaphragmatic contractile dysfunction. Treatment of MV animals with the ACE inhibitor enalapril did not protect against MV-induced depression of diaphragmspecific force production at any stimulation frequency (Fig. 7) . In contrast, treatment with the AT 1 receptor antagonist losartan significantly attenuated the MV-induced reduction in diaphragm force production at all stimulation frequencies (Fig. 7) .
Losartan Protects against MV-Induced Diaphragmatic Atrophy
Another objective of these experiments was to determine if increased circulating levels of ANG II and/or AT 1 receptor signaling contribute to MV-induced diaphragm muscle atrophy. We first established that treatment of spontaneously breathing animals with losartan or enalapril does not impact diaphragm fiber CSA. We then determined whether treatment of animals with losartan or enalapril can protect the diaphragm against MV-induced contractile dysfunction. As expected, prolonged MV resulted in significant atrophy of type I, type IIa, and type IIx/b diaphragm myofibers. Importantly, compared with the MV group, treatment of animals with losartan (MVL group) significantly attenuated the MV-induced atrophy in diaphragm type I, type IIa, and type IIx/b fibers (Fig. 8) . In contrast, treatment of animals with enalapril did not protect against MV-induced diaphragmatic atrophy (Fig. 8) .
Losartan Protects Against MV-Induced Calpain Activation in the Diaphragm
Activation of the calcium-dependent protease calpain is required for the development of VIDD (16, 22) . Importantly, treatment of MV animals with losartan attenuated the MVinduced calpain activation in the diaphragm, whereas enalapril treatment did not prevent MV-induced calpain activation in the diaphragm (Fig. 9) .
Losartan Prevents MV-Induced Increases in Muscle-Specific E3 Ligases in the Diaphragm
Although the role that the ubiquitin-proteasome system plays in VIDD remains in question (39) , this proteolytic system clearly contributes to myofibrillar protein breakdown during disuse-induced limb skeletal muscle atrophy (24) . Specifically, increased expression of the muscle-specific E3 ligases atrogin-1 and MuRF-1 contributes to the ubiquitination of muscle proteins for subsequent breakdown by the 26S-proteosome (24) . Our results confirm that MV results in an increased protein expression of both atrogin-1 and MuRF1 in the diaphragm (Supplemental Figs. 6 and 7) . Importantly, treatment of MV animals with losartan attenuated MV-induced increases in both atrogin-1 and MuRF1 expression in the diaphragm, whereas treatment of MV animals with enalapril attenuated MV-induced increases in MuRF1 expression only. 
DISCUSSION
Overview of Principal Findings
These experiments provide new and important information regarding the role that circulating ANG II and AT 1 receptors play in the development of VIDD. Specifically, we tested the hypothesis that increases in plasma ANG II levels are required for MV-induced diaphragmatic oxidative stress and the development of VIDD. Our results do not support this prediction. Indeed, our findings reveal that treatment of animals with the ACE inhibitor enalapril successfully prevented the MV-induced increase in plasma ANG II levels but did not avert MV-induced oxidative stress or protect against VIDD. In contrast, treatment of animals with the AT 1 receptor antagonist losartan attenuated both MV-induced diaphragmatic oxidative stress and VIDD. This finding suggests that AT 1 receptor activation occurs in the diaphragm in the absence of increased plasma levels of ANG II and that AT 1 receptor activation is required for the development of VIDD. A discussion of these key findings follows.
ANG II and Skeletal Muscle Atrophy
Our results show that prolonged MV results in a 50% increase in plasma ANG II levels following 12 h ventilator support (Fig. 1) . This is significant because elevated ANG II is sufficient to induce oxidative stress and promote protease activation, resulting in fiber atrophy in both limb and diaphragm skeletal muscles (2, 3, 8, 31-33, 36) . However, the specific signaling mechanism(s) that connect ANG II to muscle atrophy remain controversial. Nonetheless, at least three mechanisms could link ANG II with muscle atrophy: 1) IL-6; 2) glucocorticoids; and 3) AT 1 receptor signaling. A discussion of each of the mechanisms follows.
IL-6. Elevated plasma levels of ANG II in animals result in increased hepatic production of IL-6 and serum amyloid A (50). This is important because elevated levels of both IL-6 and serum amyloid A can disrupt insulin/IGF-I signaling in muscle to depress protein synthesis and accelerate proteolysis (50) . It is currently unknown if prolonged MV results in increased circulating levels of serum amyloid A. Furthermore, studies investigating the impact of prolonged MV on plasma IL-6 levels are inconsistent, with one report indicating that plasma IL-6 levels are increased during MV (38) and another study reporting that prolonged MV does not increase plasma IL-6 levels (12). In the current study, plasma IL-6 levels were not elevated following 12 h of MV, and, therefore, elevated plasma IL-6 levels do not appear to contribute to VIDD in the current experiments.
Glucocorticoids. A second potential mechanism that can link ANG II to skeletal muscle atrophy is that infusion of ANG II increases circulating glucocorticoid levels in rodents, and elevated glucocorticoids promote skeletal muscle atrophy by increasing both protease activation and the expression of myostatin (2, 35) . Nonetheless, plasma corticosterone levels were not elevated during prolonged MV, and, consequently, high levels of glucocorticoids do not appear to contribute to VIDD in our experiments.
AT 1 receptor signaling. The third and final mechanism that can connect ANG II to muscle atrophy relates to the direct impact of AT 1 receptor signaling on the production of ROS in muscle fibers. Indeed, infusion of ANG II results in increased ROS production in rodent skeletal muscles (36) . This ANG II-mediated increase in muscle ROS production occurs, at least in part, due to AT 1 receptor-mediated increases in both NA-DPH oxidase activity and elevated mitochondrial ROS production leading to speculation that NADPH oxidase/mitochondrial cross talk exists in skeletal muscle exposed to high levels of ANG II (36, 45, 49) . Regardless of the cellular site(s) of ANG II-induced ROS production in skeletal muscles, it is established that oxidative stress contributes to inactivity-induced muscle atrophy by increasing proteolysis, increasing myonuclear apoptosis, and depressing protein synthesis (19, 27, 36) . Although administering the ACE inhibitor enalapril to animals successfully prevented the MV-induced increase in ANG II, this treatment did not protect against MV-induced oxidative stress in the diaphragm and VIDD. In contrast, treatment of animals with the AT 1 receptor antagonist losartan protected against MV-induced diaphragmatic oxidative stress and VIDD. A discussion of the potential mechanism(s) responsible for losartan's protection against VIDD follows. 
Losartan Prevents MV-Induced Oxidative Stress and Protects against VIDD
ACE inhibitors limit the amount of ANG II available for binding to the AT 1 receptor, whereas AT 1 receptor antagonists prevent the binding of ANG II to the AT 1 receptor. Therefore, in theory, both the AT 1 receptor antagonist losartan and the ACE inhibitor enalapril should have the same overall effect of diminished AT 1 receptor stimulation by its ligand ANG II (11) .
Although evidence exists that using AT 1 receptor antagonists or ACE inhibitors can attenuate muscle atrophy in some conditions (3, 6, 21) , the current study reveals that an ACE inhibitor prevents MV-induced increases in circulating ANG II but does not attenuate VIDD. In contrast, protection against VIDD was achieved by treatment with the AT 1 receptor blocker losartan. At least two explanations exist for this finding. First, it is possible that losartan protects against VIDD via an off-target effect that is unrelated to AT 1 receptor signaling. Second, losartan could protect against VIDD by acting as an AT 1 receptor antagonist and prevent downstream AT 1 receptor signaling. A brief discussion of each of these possibilities follows.
Potential off-target effects of losartan. Given that oxidative stress is a required upstream signal to promote VIDD, a potential off-target effect of losartan is that this molecule acts as an antioxidant to prevent MV-induced oxidative stress in the diaphragm. The structure of losartan has a hydroxyl functional group positioned on a phenolic ring, and, therefore, it is feasible that losartan can act as a radical scavenger to protect against MV-induced oxidative stress in the diaphragm. Nonetheless, in vitro experiments indicate that losartan does not act as an oxidant scavenger at or above the concentrations used in the current experiments ( Supplemental Fig. 4) . It is also possible that losartan could act as an antioxidant by promoting the expression of endogenous antioxidant enzymes in the diaphragm. However, the protein abundance of key antioxidant enzymes (e.g., SOD1, SOD2, and GPX1) in the diaphragm was not elevated in the diaphragms of animals treated with losartan (Supplemental Fig. 5 ). Collectively, these results suggest that the losartan-mediated protection against VIDD was not due to losartan acting as an antioxidant. Nonetheless, we cannot completely rule out an unknown "off-target" effect of losartan.
Blockade of AT 1 receptor signaling. Almost every organ system in the body contains AT 1 receptors, and, although one report failed to detect AT 1 receptors in limb skeletal muscles (50) , there is evidence that limb skeletal muscle fibers express AT 1 receptors (14, 20, 29) . Importantly, with the use of immunohistochemistry, the current experiments confirm the presence of AT 1 receptors in diaphragm muscle (Fig. 4) . If losartan protects against VIDD by prevention of AT 1 receptor activation in the diaphragm, the results from the enalapril treatment experiments indicate that increased plasma ANG II levels are not required for AT 1 receptor activation. Indeed, it is established that AT 1 receptors can be stimulated via stretchinduced activation, which is independent of ANG II binding to the AT 1 receptor (47, 51) . Given that diaphragm muscle fibers undergo passive and repetitive length changes during controlled MV, it is feasible that mechanical activation of AT 1 receptors occurs in the diaphragm during prolonged MV. In regard to mechanical stretch-induced AT 1 receptor activation, it has been reported that an unknown molecule was bound to AT 1 receptor during mechanical activation of the receptor (51) . This raises the possibility that stretch-induced activation of the AT 1 receptor occurs via an unknown ligand that is capable of binding to the receptor and promoting AT 1 receptor signaling. Furthermore, this mechanical stretch-induced activation of the AT 1 receptor has been shown to activate the Janus kinase/ signal transducer and activator of transcription 3 (JAK/STAT3) signaling pathway (51) , and activation of JAK signaling is linked to muscle atrophy. Indeed, new evidence reveals that inhibition of JAK1/JAK3 signaling can protect the diaphragm against MV-induced oxidative stress and VIDD (38) . It follows that AT 1 receptor activation in the diaphragm could be an upstream mechanism that is required for MV-induced activation of the JAK/STAT3 signaling pathway leading to diaphragmatic oxidative stress and activation of proteolytic systems.
Summary and Conclusions
These experiments do not support the hypothesis that prevention of MV-induced increases in plasma ANG II levels can prevent MV-induced diaphragmatic oxidative stress and protect against VIDD. Indeed, although treatment of animals with the ACE inhibitor enalapril successfully prevented the MVinduced increases in plasma ANG II levels, averting the rise in circulating ANG II levels did not forestall MV-induced oxidative stress in the diaphragm or protect against VIDD. By contrast, treatment with the AT 1 receptor antagonist losartan attenuated both MV-induced diaphragmatic oxidative stress and VIDD. Together, these results suggest that, during prolonged MV, diaphragmatic AT 1 receptor activation occurs via a mechanism independent of increased plasma levels of ANG II and that AT 1 receptor activation plays a required role in MV-induced diaphragmatic oxidative stress and VIDD. Importantly, our findings indicate that the Food and Drug Administration (FDA)-approved drug losartan could be beneficial in protecting humans against VIDD in situations where hemodynamics can be maintained. This is a significant finding because, at present, there is no standard treatment to prevent VIDD, and the pharmacological interventions that have previously been reported to protect against VIDD are not FDA approved.
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